. UCRL- 92078
PREPRINT

CIRCULATION COPY

SUBJECT TO RECALL
IN TWO WEEKS

Interpretation of Electron Spectra
Obtained from Multiphoton Ionization
of Atoms in Strong Flelds '

Co R, Sedke :
Lawrence Livermore National Laboratory
= University of California

* Livermore, CA 94550

Journal of Physics B:

E This paper was prepared for submittal to
Atomic and Molecular Physics

February 1985

This is a preprint of a paper intended for publication in a journal or proceedings. Since
changes may be made before publication, this preprint is made available with the
understanding that it will not be cited or reproduced without the permission of the
author.


Important Information
Published in Journal of Physics B:  Atomic and Molecular Physics, Volume 18, pages L-427-L-432, 1985.


DISCLAIMER

This document was prepared as an account of werk sponsored by an sgency of the
United States Government. Neither the Unilted States Gevernment nor the University
of California nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or weeful-
mess of any Information, apparates, product, or process disclosed, or represents that
its wse would not infringe privately ovmed rights. Reference hereln to any specific
commercial products, process, er service by trade fame, trademark, manufacturer, or
otherwise, does not mecesmarily coastitwie or Imply lts endernement, recommenistios,
or favoring by the United States Government or the Univensity of California. The
views and opinioss of asthers expressed herein do not mecessarily state or reflect
these of the United States Government er the University of Callfornia, and shall sot
be used for advertising or product endornemseut parposes.



Interpretation of Electron Spectra Obtained from

Multiphoton lonization of Atoms in Strong Fields

A. Szbke
Lawrence Livermore National Laboratory
University of California
Livermore, CA 94550

Electron energy distributions in multiphoton ifonization experiments show
several peaks, which correspond to the absorption of several photons more than
needed to fonize the atom. We will show that this reflects the distribution
of atomic excitation at the time the electrons are emitted. The broadening

and shift of the electron spectra measures the shift of the
inittal-to-final-state energy difference caused by the strong field. Outgoing
channels with low energy electrons become closed at high fields; new
*continuum-bound" electronic states appear. These states may have a chaotic

motion.






The energy spectrum of electrons emitted by atoms irradiated with strong
laser flelds has shown unexpected structures (Fabre et al. 1982, Kruit et al.
1983a, Johann et al. 1985, and references therein, Rhodes 1985). When the
laser field 1s just strong enough to make detectable electrons, the electron
energy 1s closely equal to the difference in energy between N. photons
absorbed and the ionization energy of the atom, where "n is the minimum
number of photons needed for fonization; see e.g. Fig. 5b of Kruit et al.
(1983). When the laser 1nt§ns1ty s raised furthe}. additional peaks appear,
corresponding to the absorption of "n + S photons and the emission of an
electron, leaving the ion in its ground state. This was quickly named "above
threshold ionization®. At even higher laser intensity the electron energy
peaks broaden and shift somewhat, and the lowest energy peak actually
disappears. After an initial bewilderment. some papers were written to
explain these results: Mittlieman (1984a,b), Muller et al. (1983), Muller and
Tip (1984). Some of them made unrealistic assumptions, (the atom moving
adiabatically into a pulsed laser field); others have given correct
explanations, but under very restrictive, and somewhat unreal conditions, (a
zero range potential and circularly polarized photons), and also using very
complex arguments.

In this publication we will show how fundamental principles can be used
to clarify the meaning of the features of the measured electron energy
distribution, and how to get valid conclusions from these measurements. It
will be seen that our statements are model-independent and we will determine
the 1imits of their validity. Also, we will review some terms that seem to
get obfuscated by some of the 1iterature: AC Stark shift, ponderomotive

force, the shift of the ionization potential, and continuum-continuum

transitions.



We will try to distinguish three situations, 11lustrated in Figs; 1,
a,b,c. In a), an atom is in a strong electromagnetic field, which is
i{nteracting with it. In b), an electron 1s emitted, and 1t 1s far enough from
the residual jon that their interaction 1s negligible, but both the electron
and the 1on are stil1 in the same e.m. field as the atom was in a). In c),
the electron 1s detected and 1ts energy is measured in a region where the e.m.
fiéld is zero. 1n quantum mechanics, the uncertainty principle limits our
ability to.distingu1sh among these situations, and therefore 1t 1imits the
validity of such descriptions. There is no difficulty with c¢), as the
detection of the electron occurs very far from the interaction region. In
order to distinguish a) and b), we have to be able to construct a wave packet
that describes a free electron emitted from an atom and close enough to it in
space and time that the e.m. field is almost the same as 1t was before its
emission; we will discuss both the space and time limitations.

The electromagnetic field amplitude and phase'are always uniform in space
over a distance of order A, 1ts wavelength and over a time x =
T/Aubm uhere'Aubn'1s its spéctra] bandwidth. [In the following,
factors of order unity will always be neglected.] In order to make things
simple, we will first assume that the field is monochromatic enough that its
variation is negligible over the time of interest. Locallzation of the
electron wave packet within A\ causes its translational momentum to be
uncertain by L = / %\, corresponding to an uncertainty of its
translational energy by A&TlsT = 2 ApT/pT. In order to produce a.
wave packet, we have to demand that A&TlsT << 1. This can be

satisfled, if
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For A = 0.2 u, this gives 8T 2 4x10’6 ev: hardly.a Timitation for all past
experiments.

From conservation of energy and the basic principles of quantum
electrodynamics, we conclude that the energy of the atom in a) and the sum of
the energies of the ion and the electron can differ only by an integral

number, N, of field quanta, fw:
Ey(N) = 8,(E) + Mo = §,4(E) + &,,(E) (2)

The symbols are the following: 8D(N) is the “dressed" energy of the initial
atomic state, or the channel energy of the final state; QA(E), 8A+ (E) are the
energy of the atom and the fon [or more gengral]y that of the initial and
final atomic state] respectively, in the electromagnetic fleld; GEI(E) is

the electron energy in the fleld. For simplicity we will assume that sn(u)

is less than the double fonization threshold; therefore only a single electron
can be present. It is important to note that the atom and ion have internal
degrees of freedom, while the electron has none (except spin). Therefore
8A(E). &A+(E) are continuous functions of the field intensity, their E
dependence determines the (possibly non-linear) susceptibility, c.'by the
formula 8A(E) = 8A(o) + n(E.u)Eoz. where E = Eocos wt. These are adiabatic
energies; they are referenced to the atomic and ifonic ground state energies,
&A(o). 5A+(o)..and they are not quantized; these energies are identical to the
quas! energles of the Floquet Hamiltionian. See e.g. Zeldovich (1974), Maquet
et al. (1983), Holt et al. (1983). The field dependence of the energy

difference

884(E) = [8,4(E) - 8,(E)] - [8,4(0) - 8,(0)] (3)



is one definition of the shift of the lonization energy by the field (see
discussion below). Since 8h+(E) and 8%(E) generally refer to tightly bound

(i.e. rather unpolarizable) ground étates. these AC Stark shifts are expected

to be quite small.
Next we recall that a free electron cannot absorb or emit quanta, (it can

only scatter them). Thefefore comparing Fig. 1b with 1c, we can write

8e'|(E) = 8e-|(net) = 8e'| (4)

{.e. the electron has a well~defined energy which 1s the same in the field and
at the detector. Compton scattering imparts an energy to the electron that

can be estimated non-relativistically as

88y _ 20 _ I oppTen (s)
P B 1/2 .
el el ,c(zse]m)

where I = chzlss is the field intensity, % = (81/3)rc2 is the Thomson
cross section; this 1s the radiation pressure. In order to estimate its
magnitude, assume I = 10" w/em?, < on” 10777 sec, o7 =1 eV, then

_6.
53%]/8e1 = 4x10 "; it is negligible.

Another important remark is that the number of absorbed (or stimulatedly
emitted) quanta can change only while the electron is close enough to the atom
that the electrostatic interaction can supply the extra momentum to the
electron. This can occur classically only while the electrostatic energy of
the electron is more than the photon energy, ezlr > fiw. In addition,
the effective cross section for absorption falls rapidly when the electron's
energy uncertainty, fiv/r, gets less then the photon energy, fiw. Thus

continuum-continuum transitions, discussed recently by Edwards et al. (1964),



and Deng and Eberly (1984) can occur only while the electron 1s very close to

the atom.
Combining Egs. (2) and (4) we get

By(N) = B,(E) + Nl = §,4(E) + 8,,(Det) (6)

or
Bop(Det) = Nhw - [§,4(E) - 8,(E)] (M

In general, we don't know N, but in the experiments of Fabre et al. (1982),
Kruit et al. (1983a), and Johann et al. (1985) a series of electron energies
were observed, fhat correspond to N = "m + S where "n is the minimun

number of photons needed to ionize the atom and S=0,1,2,... It was correctly
deduced that each peak belongs to an N-photon absorption when the final state
is the ground state of the fon. [In the recent experiments of Johann et al.
(1985) at high photon energies and field intensities, other peaks were also
observed that are associated with multiple ionization and inner shell
effects.] Eq. (6) then shows that we are probing a "dressed® state whose
energy 1s S photons higher than the ionization energy. In perturbation
theory, this 1s described as an "n+s photon absorption, independently for

each S; in a rate equation approximation, it corresponds to the sequential
absorption of N photons. In a more general theory, the electron is emitted by
an atom that is partially in a coherent state, which is a superposition of
several dressed energy states, and corresponds to a "collective® motion of the
electrons (Szdke 1985, Szdke and Rhodes 1985). As the simplest example, if
mutual electrostatic repulsion between electrons 1s small, equivalent

electrons in a shell all respond in the same manner to the external field.



Assuming a probability p"(E)dE of emitting an electron after N photon
absorption in field €, and a field distribution p(E(t))dvdt, we get for the

electron spectrum:
P(8gq) = JPV(E)P(E(t))8(8,,(E) - 8,,)dEdVdL

= IP“(E)P(E(t))&(Nhu - 8k+(E) + &A(E) - &b])dEdth (8)

Experimentally 1t was shown that at high flelds p"(E) is not a very strong
function of N; therefore the electron energy distribution should be similar
for all N = Nn+s peaks. It is determined by the distribution of Stark
shifts in the focal volume, and by the possible time dependence of the e.m.
field, as discussed below. This 1s similar to the 1ﬁterpretation of Stark
shifts in bound state resonances by Kruit et al. (1983b).

In order to make further progress, let us write down explicitly the
classical motion of the free electron in Fig. 1b in the electromagnetic

field. From the equation of motion
mX = —e = —eEoCOSut (9)

we get for the electron energy in a 1inearly polarized wave

A (10)

5 1
Be1(E) = 8gc + 87 =34 —3

where gosc is the average oscillating energy of the electron in the field. A
quantum mechanical treatment ylelds similar results (Zeldovich 1975), An
electron that tries to penetrate the field with less energy than gosc is

reflected from 1t; this is usually called the ponderomotive potential and its

-7-



gradient, the ponderomotive force. In our discussion, we stress that the free

electron is "created" in the e.m. field; therefore it follows from Eqs. (4) and (10)

that it must have a minimum energy sosc' If we raise the field intensity, some
of the low resonances in Eq. (7) may get energies that are below Eosc (recalling
that the quantity 8k+(E) - ak(E) is weakly dependent on E, due to the tightly
bound nature of the atomic and ionic ground state.) 1In this case the electron
cannot escape the Coulomb potential: the open electron channel gets closed.

This 1s a new kind of “continuum bound® state: it is in the continuum in the
sense that it exists for a continuous spectrum of photon energies and it is
bound in the sense that the electron cannot escape to infinity. (For a given
photon energy this is a perfectly discrete state.) Our picture is thus

similar to Fig. 3 of Muller and Tip (1984). The atomic radius gets very

large, the electron has a classical turning point at radius R, where

2 =
= Ngho - [8a(E) - 8,(E)] - B, an

This 1s a very polarizable, "floppy" atom. The “"disappearance® of the lowest
energy electrons was observed by Kruit et al. (1983a), Johann et al. (1985) at
e.m. field Intensities in good accordance with Eq. (10). Numerically we get
agreement with the estimated average field of Kruit et al. (1983a), and not
the peak field. It is possible that this is a sign that ionization of these
(multiply excited) states 1s suppressed. In experiments on xenon by Johann et
al. (1985), it was observed that the disappearance of an electron peak at

~0.7 eV (at an intensity of -'2x10]4 H/cmz) coincided roughly with the
appearance of electron spectra that indicate the presence of inner-shell
excitations. Thus the “continuum bound® states may form an environment (or
complex) which promotes inner shell excitation. We will try to examine this

in a different paper (Sztke and Rhodes 1985).



-

It 1s clear from the preceding discussion that there are two ways to
define the ionization energy (ionization potential) of an atom in an
electromagnetic field. The traditional way of defining 1t is by the

appearance of outgoing electrons; this is governed by the equation, obtainable

from Eqs. (2),(10)

£ 227 p.2 _
= 10 T
8y(N) = & (E) + Nhe = [&A+(E) +y m..‘2] + = (12)

In first order, with a8 (E) << Eosc this is the 1imit of the Rydberg states
shifted by the high frequency Stark effect (Avan et al. 1976, Liberman et al.
1983, Hollberg and Hall 1984). This 1s as 1t should be, because in the Timit
of high quantum numbers a Rydberg electron becomes a free electron. The
second way of defining ionization is from the energy balance, Eq. (7). It
should be emphasized that this latter is also a measurable quantity.
Generally this will give a much smaller "AC Stark shift" than the previous
one, as indeed observed in the experiments. 1In the region between the two
energies there are states that have a classical character: the Rydberg states
get mixed by the strong field and the classical motion of the electron is
largely oscillatory with a superimposed slow orbital motion. Even in quantum
mechanics such a state may be a chaotic one (Casati et al. 1984). Also, a
very small perturbation, caused e.g. by a small change in the field, may make
the orbit change drastically.

Up to now we have presenfed an essentially static picture; let us finally
discuss the consequences of the time dependence of the electromagnetic field.
There are three times in the problem: the decay time of the atom into a

channel, the travel time of the emitted electron out of the potential well,



and the correlation time of the field. ‘We argued above that as long as the
outgoing electron is within the radius where it can absorb additional photons,
it may be counted as an unionized atom; also we calculated that the "escape
time" of the outgoing-electron is of the order of the 1ight period, therefore
much shorter than the field correlation time, Tem Thus the channel

energy, ﬁo(E). is always well defined. Over the much longer time that the
outgoing electron travels in the ion's Coulomb field, the f1é1d may change,
changing the partition of the channel energy between the electron and the
residual ion. We can calculate the time, At, over which this coupling takes
place, by equating the change in the fon's Stark shift, AEL(E), to the
Coulomb energy at the distance, vaAt, |

A8 (E) 2
s e (13)

Tom vat

giving the result,

[}ak(E)ez]Ilz
ag = _——"‘em (14)
For an assumed ﬁb1 =1 eV, Aﬁ;(E) =1 eV, Tem = 10'n sec, this gives an
energy shift of ~15 meV; much smaller than the observed one.

Let us discuss now the atomic decay time. If the atomic decay time were
shorter than the field correlation time and if the photon absorption were
sequential, the atom would always decay into the open channel during the
risetime of the field; therefore neither "above threshold® ionization, nor the
disappearance of the lowest energy electron channel would have been observed.
A non-sequential photon absorption corresponds to a coherent state of the
atom; the lengthening of the decay time corresponds then to the atom being in

a state which is largely a non-decaying one, and only a small admixture of a
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state that has an outgoing electron, (corresponding to direct
photoionization). The atomic decay time that correspond to autoionization may
be lengthened if the atomic excitation energy, &D(N). is shared by many
electrons, or 1f the electron collisions causing autoionization are suppressed
by the external field. In a more complete theory, (Szdke 1985), we hope to
estimate the fe]ative contribution of these processes.

In Eq.(2) we assumed that the energies of the atom and the ion in the
field depend adiabatically on the instantaneous value of the latter; this is
true for a slowly varying field. In fact, as discussed above, the atom's
decay time into the ionization channel is observed to be longer than the field

correlation time, Teg: 1IN this case the state of the residual ion after
the electron leaves can be a non-linear function of the field history. In
Szoke (1985) a time dependent Hartree-Fock theory is expanded beyond the
adiabatic approximation, using a two-time formalism. The first correction
term gives a dependence on the value of the field and its first derivative.
This may account for the observed electron spectrum that has a broadening, but

very 1ittle shift, at high values of the e.m. field.
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Figure Caption

Fig. 1. Three steps in the measurement of the electron energy spectrum in

(multiphoton) photoionization.
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